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In this study, we investigated whether probiotic lysates can modify the tight-junction function of human primary keratinocytes.
The keratinocytes were grown on cell culture inserts and treated with lysates from Bifidobacterium longum, Lactobacillus plan-
tarum, Lactobacillus reuteri, Lactobacillus fermentum, or Lactobacillus rhamnosus GG. With the exception of L. fermentum
(which decreased cell viability), all strains markedly enhanced tight-junction barrier function within 24 h, as assessed by mea-
surements of transepithelial electrical resistance (TEER). However, B. longum and L. rhamnosus GG were the most efficacious,
producing dose-dependent increases in resistance that were maintained for 4 days. These increases in TEER correlated with ele-
vated expression of tight-junction protein components. Neutralization of Toll-like receptor 2 abolished both the increase in
TEER and expression of tight-junction proteins induced by B. longum, but not L. rhamnosus GG. These data suggest that some
bacterial strains increase tight-junction function via modulation of protein components but the different pathways involved
may vary depending on the bacterial strain.

The concept of using “probiotic” bacteria to benefit human
health is well established. Ingestion of probiotic bacteria has

been claimed to prevent or treat a variety of disorders of the gut,
ranging from travelers’ diarrhea to the chronic relapsing inflam-
matory condition Crohn’s disease (1, 2) through mechanisms that
are incompletely understood. However, evidence suggests that
one mechanism may be via protection or augmentation of gut
epithelial barrier function (3, 4, 5). This is provided for in the most
part by tight junctions (TJs), which are multiprotein complexes
sealing the paracellular space between adjacent epithelial cells and
limiting transport through this pathway to small, hydrophilic
molecules and ions (reviewed in reference 6). The importance of
the TJ seal is demonstrated under conditions where the gut barrier
is compromised. For example, elevated gut permeability has been
observed in inflammatory bowel disease, apparently due to aber-
rant expression of essential TJ proteins such as claudin isoforms,
occludin, or ZO-1 (7, 8). Although direct evidence in humans is
still lacking, defects in TJs could allow greater ingress of antigens
leading to the inflammatory responses associated with this condi-
tion.

Probiotic bacteria, particularly members of the genus Lactoba-
cillus, enhance or protect epithelial barrier function in vitro and in
animal models, via modulation of TJs. In this respect, studies us-
ing the enterocyte cell line Caco-2 demonstrated that certain pro-
biotic strains inhibited cytokine and hydrogen peroxide-mediated
disturbances of transepithelial electrical resistance (TEER), a mea-
sure of TJ function (9, 10). Furthermore, in rodents, dextran sul-
fate-induced gut hyperpermeability was reduced by feeding the
rats a probiotic mixture containing Bifidobacterium breve, Bifido-
bacterium longum, Bifidobacterium infantis, Lactobacillus acidoph-
ilus, Lactobacillus plantarum, Lactobacillus casei, Lactobacillus bul-
garicus, and Streptococcus thermophilus (11). The reduction in gut
permeability appeared to be due to probiotic-induced upregula-
tion of the TJ proteins occludin, ZO-1, and selected claudin iso-
forms. There is also growing evidence that lactobacilli influence

gut permeability in humans; a recent clinical study demonstrated
that a strain of L. plantarum affected relocation of ZO-1 and oc-
cludin in duodenal cells within 6 h of administration (12). Thus,
probiotics may have utility as therapeutic interventions by in-
creasing TJ function under conditions where gut barrier function
is aberrant.

Recently, investigations into the utility of probiotics to benefit
health have moved beyond the gut, and in particular, the use of
lactobacilli and bifidobacteria as topical therapies for skin has re-
ceived attention (13–16). The skin and the gut have much in com-
mon; they both support taxonomically diverse microbiotas, act as
a barrier between internal and external environments, and are
subject to breaches in that barrier. Investigations have suggested
that probiotics may be of value as treatments for skin: L. planta-
rum improved tissue repair in a burned mouse model and pre-
vented infections in burns and chronic leg ulcers (13–15). Appli-
cation of B. longum to healthy human skin reduced water loss (16),
and we previously demonstrated that specific lactobacilli can in-
hibit adherence of the skin pathogen Staphylococcus aureus to pri-
mary human keratinocytes (17). Thus, the limited amount of
work in this area suggests that probiotic bacteria may be of con-
siderable use as agents to protect/enhance the skin’s barrier func-
tion, but in general, the mechanisms underlying these effects are
unexplored.

Until recently, the skin barrier was thought to function entirely
through the tough, waterproof outer layer of the epidermis, the
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stratum corneum. However, recent work has demonstrated that
TJs exist between keratinocytes in the first living layer of the epi-
dermis, the stratum granulosum (18) and that these are critical to
the skin barrier. This was exemplified by a knockout mouse defi-
cient in claudin 1 expression, which dies of excessive transepider-
mal water loss within 24 h of birth (18). Therefore, in the present
study, we used a primary human keratinocyte model to investigate
whether lysates from probiotic bacteria can influence TJs, the mo-
lecular changes accompanying this, and the possible mechanisms
involved.

MATERIALS AND METHODS
Preparation of probiotic lysates. All probiotic strains (Bifidobacterium
longum ATCC 51870, Lactobacillus plantarum ATCC 10241, Lactobacillus
reuteri ATCC 55730, Lactobacillus rhamnosus Goldin and Gorbach [GG]
ATCC 53103, and Lactobacillus fermentum ATCC 14932) were purchased
from LGC Ltd., Middlesex, United Kingdom) and were routinely grown
to stationary phase in Wilkins-Chalgren broth or on Wilkins-Chalgren
agar at 37°C in a Mark 3 anaerobic work station (Don Whitley Scientific,
United Kingdom). Cultures were adjusted spectrophotometrically to ap-
proximately 108 CFU/ml and then centrifuged (15,000 � g for 10 min; 10
ml), washed three times in 1� phosphate-buffered saline (PBS), and then
concentrated in 1 ml of keratinocyte basal medium (Promocell, Heidel-
berg, Germany). The sample was then lysed using a bead beater (FastPrep
FP120; Thermo Electron Corporation, United Kingdom) and filter ster-
ilized to remove any remaining whole bacteria. Finally, 100 �l of this
lysate was used to treat keratinocyte cultures.

Primary keratinocyte cell culture and measurement of TEER. Nor-
mal human epidermal keratinocytes (NHEK) were obtained and cul-
tured as previously described by Prince et al. (17). For experiments
measuring TJ function, cells were plated on 12-well, permeable poly-
carbonate Thincert cell culture inserts with a 0.4-�m pore size
(Greiner Bio-one Ltd., United Kingdom). NHEK were grown in kera-
tinocyte basal medium (Promocell, Heidelberg, Germany) until con-
fluent. At this point, the medium was replaced with CNT-02-3DP5
high-calcium medium (CELLnTEC Advanced Cell Systems, Switzer-
land), which induces TJ formation. TJ function was measured using an
epithelial voltmeter fitted with chopstick electrodes (World Precision In-
struments Ltd., United Kingdom). All experiments were repeated at least
three times with triplicate wells within individual experiments. In some
experiments, lysates of probiotic bacteria were added to the apical side of
the inserts, and the TEER was measured at various times posttreatment.

Measurement of NHEK viability using an MTT assay. MTT [3-(4,5-
dimethylthiazol-2-yl)diphenyltetrazolium bromide; Sigma-Aldrich Ltd.,
Poole, United Kingdom] was prepared as a stock solution of 5 mg/ml in
phosphate-buffered saline. NHEK were grown to confluence in 96-well
plates and then treated with bacterial lysates for 24 h. Medium was then
replaced with fresh medium containing 10% MTT. The plates were incu-
bated for 4 h at 37°C, and the medium was replaced with dimethyl sulfox-
ide. The absorbance of each well was then read at 570 nm in a plate reader.

Extraction of protein from NHEK and immunoblotting. Protein was
extracted from NHEK cells according to the method described by
McLaughlin et al. (19). Briefly, cells from a single Thincert were scraped
into 100 �l extraction buffer (NaCl [120 mM], HEPES [pH 7.5; 25 mM],
Triton X-100 [1% {vol/vol}], EDTA [2 mM], NaF [25 mM], NaVO4 [1
mM], SDS [0.2% {wt/vol}]) containing aprotinin (10 �g/ml), leupeptin
(10 �g/ml), and pepstatin A (10 �g/ml) and then incubated on ice for 30
min. Following centrifugation in a microcentrifuge, the supernatant was
recovered in a clean Eppendorf tube and used for analysis of TJ protein
expression. SDS-PAGE was performed according to the method of Laem-
mli (20), and proteins were electrophoretically transferred onto polyvi-
nylidene difluoride (PVDF) membranes. These were subsequently
washed, blocked in 5% (wt/vol) skim milk, and incubated with the pri-
mary antibodies overnight; the antibodies were rabbit anti-claudin 1 and
anti-claudin 4, mouse anti-occludin, mouse anti-ZO-1, and mouse anti-

�-actin (all purchased from Invitrogen, Paisley, United Kingdom). The
membranes were subsequently washed and incubated with horseradish
peroxidase-conjugated secondary antibodies. The immunoblots were de-
veloped using enhanced chemiluminescence (Amersham, Bucks, United
Kingdom), and densitometry was performed as described by McLaughlin
et al. (19).

Inhibition of TLR-2. For inhibition of TLR2, keratinocytes were pre-
treated with recombinant human anti-TLR2 antibody at 10 �g/ml (Ab-
cam, United Kingdom) for 1 h before stimulation with probiotic lysates.

Statistical analyses. All experiments were performed a minimum of
three times and analyzed using SPSS software version 20. For experiments
comparing two treatments, an independent-samples t test was used to
statistically analyze all data. For experiments comparing two or more
treatments, a one-way analysis of variance (ANOVA) was used to statisti-
cally analyze all data. Results were considered statistically significant at a P
value of �0.05. Data are expressed as means � standard errors of the
means (SEM) for at least 3 samples for each experiment.

RESULTS
Probiotic lysates are well tolerated by NHEK. We initially inves-
tigated whether any of the test lysates affected the viability of
NHEK. To this end, an MTT assay was performed on NHEK that
had been incubated with bacterial lysates for 24 h. The data in Fig.
1 illustrate that, with the exception of lysates of L. fermentum,
none of the lysates of the strains significantly affected the viability
of NHEK. The L. fermentum lysate induced a 52% � 10.3% (P �
�0.01, n � 3) reduction in NHEK viability following 24 h of
incubation.

Probiotic bacteria augment TJ function in NHEK. Normal
human epidermal keratinocytes develop TJs when they are trans-
ferred from medium containing low calcium concentrations
(�0.2 mM) into medium containing high calcium (�1.8 mM).
This “calcium switch” induces assembly of TJs, which can be de-
tected as a rise in the TEER of the cells with time. TEER reaches a
peak 48 h after the calcium switch and then drops slightly to reach
a steady state at 72 h (Fig. 2).

FIG 1 Lysates of probiotic bacteria have strain-dependent effects on kerati-
nocyte viability. Human primary epidermal keratinocytes were incubated with
lysate made from 108 CFU/ml bacteria for 24 h. Following exposure, the via-
bility of keratinocytes was measured using an MTT assay. The viability of
keratinocytes incubated in the presence of lysates of B. longum (BL), L. plan-
tarum (LP), L. reuteri (LR), or L. rhamnosus Goldwin and Gorbach (LGG) was
not significantly different from that of untreated cells (CON). However, kera-
tinocyte cultures treated with a lysate of L. fermentum (LF) had reduced via-
bility compared to controls (�50% reduction in viability; P � 0.01). �, statis-
tical significance.
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When 100 �l of lysate from 108 CFU/ml probiotic bacteria was
added to the apical chamber of the Thincert, significant strain-
dependent differences in the development of TEER between un-
treated and treated NHEK were observed. In agreement with the
observation that lysates of L. fermentum reduce cell viability, there
was a significant decrease in TEER in NHEK treated with this

lysate compared to the TEER of untreated cells (Fig. 2A; P �
0.005). In contrast, lysates of L. reuteri initially increased the TEER
at 24 h after the calcium switch, but this subsequently declined
back to levels not significantly different from that of control (un-
treated) cells (Fig. 2B). L. plantarum also induced an increase in
TEER over that of control cells which was sustained for 48 h after

FIG 2 Lysates of probiotic bacteria enhance tight-junction barrier function with strain-specific effects. Human primary keratinocytes were induced to form TJs,
and the TEER of the monolayers was monitored with time in control, untreated monolayers (filled circles) and treated monolayers (open circles). In control
monolayers, TEER developed with time after the calcium switch and reached a peak of around 200 � 50.4 � · cm2. With the exception of L. fermentum (A), which
decreased the TEER relative to control monolayers, lysates of all the probiotic bacteria increased TEER over control levels in a strain-dependent manner (L. reuteri
[B] and L. plantarum [C]). B. longum (D) and L. rhamnosus GG (E) lysates produced the greatest and most sustained effects. Peptidoglycan from S. aureus (used
at 0.01 �g/ml) (F) also induced increased TEER, but its effects occurred more rapidly than those of probiotic lysates and were not sustained. �, statistical
significance.
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the calcium switch. However, at 72 h, the TEER was not signifi-
cantly different from that of untreated NHEK (Fig. 2C). The larg-
est increases in TEER were observed in NHEK treated with B.
longum and L. rhamnosus GG lysates. Lysates from both these
strains produced increases in TEER that were �300 ohms · cm2

higher than in control cells (Fig. 2D and E; P � 0.05). Further-
more, these increases were sustained, and the TEER in treated cells
was still significantly greater in treated than untreated NHEK at 72
h after the calcium switch. Interestingly, a major ligand of Gram-
positive bacteria, peptidoglycan, also induced an increase in
TEER. However, this occurred much more rapidly than with
whole bacterial lysates, with significantly increased TEER being
noted within 3 h of addition of the peptidoglycan. However, TEER
dropped to levels identical to that of the control within 24 h
(Fig. 2F).

Since lysates of B. longum and L. rhamnosus GG were the most
efficacious, they were used for further investigation.

B. longum and L. rhamnosus GG produce dose-dependent
effects on TEER in keratinocytes. To further define the effects of
B. longum and L. rhamnosus GG on TJ function in keratinocytes,
TEER was measured in the presence of 100 �l lysate made from
bacteria at 106, 104, and 102 CFU/ml. At 106 CFU/ml, lysates from
both strains were still able to produce TEERs that were signifi-
cantly higher than those in untreated cells (Fig. 3A and B; P �
0.005). Additionally, lysates of L. rhamnosus GG produced from
104 CFU/ml were also able to elicit an increase in TEER (Fig. 3B).
However, lower concentrations of either strain resulted in lysates
that were unable to produce TEERs significantly different from
those of control cells (Fig. 3A and B).

Probiotic lysates modulate the expression of specific TJ pro-
teins. Evidence suggests that TJ function is often reflected in the
expression levels of particular proteins involved in the complexes
(19, 21, 22). The main TJ proteins expressed by keratinocytes in-
clude claudin 1, claudin 4, ZO-1, and occludin. Therefore, we used
immunoblotting to investigate the expression of these proteins in
untreated NHEK versus NHEK treated with probiotic lysates for
72 h.

Treatment of NHEK with a lysate of B. longum produced sig-
nificant increases in all four TJ proteins (Fig. 4A and B). However,
L. rhamnosus GG induced increases in the protein levels of claudin
1, occludin, and ZO-1 only (Fig. 4A and B). There was no signif-
icant change in the levels of claudin 4 in L. rhamnosus GG-treated
NHEK versus control cells. However, in general, increases in pro-
tein expression elicited by L. rhamnosus GG were greater than
those induced by B. longum (Fig. 4B). Treatment of keratinocytes
using the bacterial component peptidoglycan elicited no change in
TJ protein expression (data not shown).

B. longum-induced modulation of TJ function is mediated
via TLR2. Keratinocytes sense the presence of bacteria via pattern
recognition receptors such as Toll-like receptors (TLRs). Several
lines of evidence in the gut have pointed to a relationship between
TLR activation and changes in TJ barrier function. Additionally,
recent work by Yuki et al. (23) demonstrated TLR-mediated aug-
mentation of TJ function in keratinocytes in response to bacterial
ligands such as peptidoglycan. Therefore, we naturally wondered
whether the probiotic-induced increases in TJ function were me-
diated by TLRs. Of particular interest was TLR2, because it is the
major receptor for Gram-positive organisms (24). In order to in-
vestigate this, NHEK were incubated in the presence of a TLR2-
neutralizing antibody for 1 h prior to the addition of probiotic

lysates. The data in Fig. 5A demonstrate that neutralization of
TLR2 abolished the rise in TEER elicited by both peptidoglycan
(a well-characterized TLR2 agonist) and B. longum. However,
L. rhamnosus GG lysates still induced increases in TJ function (Fig.
5A) in the presence of TLR2-neutralizing antibody. Similarly, the
increase in TJ protein expression induced by B. longum but not
that induced by L. rhamnosus GG was prevented by neutralization
of TLR2 (Fig. 5B).

DISCUSSION

The effects of probiotics on gut barrier function have received
extensive research attention. Certain probiotics, e.g., Lactobacillus
salivarius, may ameliorate or prevent barrier disruption induced
by pathogens or other noxious substances (9–11). Other probiot-
ics can enhance TJ function in gut cells that have not been treated
with any stressor (25). The mechanisms by which probiotics exert
their effects on the gut barrier may vary, but they include both
changes to the expression of individual TJ proteins and activation
of signaling pathways involved in barrier formation or regulation.

FIG 3 Lysates of probiotic bacteria have dose-dependent effects on TEER in
human keratinocytes. Human keratinocytes were untreated (p) or treated
with lysates made from B. longum (BL [A]) or L. rhamnosus GG (LGG [B]) at
concentrations of 108 (�), 106 (Œ), 104 (�), and 102 (�) CFU/ml, and the
effects on TEER were measured with time. B. longum was effective only at a
concentration of 108 CFU/ml. However, L. rhamnosus GG was also effective at
106 and 104 CFU/ml. �, statistical significance.
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For example, L. rhamnosus GG accelerates intestinal barrier mat-
uration by upregulating claudin 3 expression in the developing
mouse (26).

In contrast to the gut, virtually nothing is known regarding the
possible roles of the skin microbiome in promoting barrier health
and repair. There is currently only one report in the literature
relating to the modulation of TJs by the microbiota of the skin,
and this demonstrated that S. epidermidis invoked a modest in-
crease in TJ function in the HaCaT cell line (27). Since many
species of normal skin bacteria are adventitious pathogens, their

use as skin probiotics is complicated by potential safety issues
(28). We have therefore been investigating the potential of bifido-
bacterium and lactobacillus probiotics of intestinal origin to mod-
ulate skin health, because these organisms have an excellent safety
record. Indeed, many of these bacteria are designated GRAS (gen-
erally recognized as safe) for use in the food industry. Although
this cannot necessarily be generalized to topical use, the track re-
cord of safety of these bacteria encouraged us to investigate their
potential for use on the skin. In the present study, lysates were
selected in preference to viable bacteria to further minimize the
possibility of adverse effects and to eliminate the need to maintain
viability (16).

Five strains of bacteria were evaluated for their effect on TJ
function. Of these, lysates of all but L. fermentum were able to
increase the TEER of keratinocytes. L. fermentum actually reduced
the TEER, which is probably related to the observation that this

FIG 4 Lysates of probiotic bacteria modulate tight-junction protein expres-
sion in human keratinocytes. Human keratinocytes were treated with lysates
from 108 CFU/ml of either L. rhamnosus GG (LGG) or B. longum (BL) for 24 h.
Subsequently, the keratinocytes were harvested, and the expression of claudin
1, claudin 4, ZO-1, and occludin was investigated using immunoblotting (A)
and subsequent densitometry (B). BL increased the expression of all four TJ
proteins relative to the control: claudin 1 (cld-1), 3.7� � 0.08� (P � 0.05);
claudin 4 (Cld 4), 	2.15� � 0.02� (P � 0.05); occludin (Occ), 2.53� �
0.14� (P � 0.005); and ZO-1, 2� � 0.024� (P � 0.05). However, LGG
affected no change in claudin 4 levels but increased the expression of the other
proteins: claudin 1, 3.27� � 0.36� (P � 0.05), occludin, 2.65� � 0.17� (P �
0.005); ZO-1, 2.22� � 0.036� (P � 0.05). Con, control. �, statistical signifi-
cance.

FIG 5 Neutralization of TLR2 abolishes specific probiotic-mediated effects on
TJ barrier function and protein expression. Keratinocytes were treated with a
TLR2-neutralizing antibody prior to incubation with lysates from B. longum
(BL) or L. rhamnosus GG (LGG). CON, control. (A) In cells treated with lysates
of BL but not LGG, the probiotic-induced increase in TEER was abolished by
incubation with the antibody. Similar results were also obtained using pepti-
doglycan (PGN) as the ligand. �, statistical significance. (B) Similarly, the
increase in TJ protein expression was also abolished by neutralization of TLR-2
in BL-treated but not LGG-treated cells. Con, control.
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strain also reduced the viability of keratinocytes. The other four
strains of lactobacilli all enhanced TJ function, but to different
degrees. In this regard, L. rhamnosus GG and B. longum produced
greater and more sustained increases in TEER than did L. planta-
rum or L. reuteri.

In agreement with a single previous study (23), peptidoglycan
also induced increased TEER in keratinocytes. However, the
changes observed were strikingly different from those seen with
whole lysates. TEER increased rapidly when keratinocytes were
treated with peptidoglycan, but the increases were not sustained.
Nevertheless, this raises the interesting possibility that cell wall
components in the lysates may be at least partially responsible for
the changes observed in TJ function. However, the significant dif-
ferences between the effects of peptidoglycan and lysates, and the
differential effects of lysates derived from specific strains, suggest
that molecules specific to individual bacteria have different effica-
cies in enhancing barrier function.

Strain-dependent effects of probiotics have been reported in a
large number of previous publications. For example, a recent
study investigated the ability of 33 different L. salivarius strains to
protect Caco-2 cells from the effects of hydrogen peroxide. Of
these, only strains that regulated TJ structure prevented the
change to TEER induced by hydrogen peroxide (9). We have re-
cently reported the ability of live probiotics to prevent adhesion of
S. aureus to keratinocytes. This study also demonstrated signifi-
cant differences in the ability of strains to inhibit pathogen adher-
ence (17). Such strain-dependent effects are probably due to the
expression of different proteins and carbohydrates by individual
strains of lactobacilli. Indeed, the increase in TEER induced by L.
rhamnosus GG and B. longum exhibited dose-dependent effects,
suggesting that a particular molecule(s) and receptive mecha-
nism(s) are involved. However, further work is needed in this area
to fully understand how expression of specific molecules relates to
function, and to date, very little is known about this relationship,
even in the more widely studied context of the gut.

Both L. rhamnosus GG and B. longum increased the expression
of TJ proteins in keratinocytes. However, the particular subset of
molecules was different in each case. Peptidoglycan-induced in-
creases in TEER were not associated with changes in TJ protein
expression. This is in agreement with work by Yuki et al. (23) that
showed that activation of protein kinase C is the mechanism by
which peptidoglycan increases TJ function. These data again point
to the involvement of strain-specific effects of bacterially derived
components on the molecular composition of TJs.

The modulation of protein expression by B. longum and L.
rhamnosus GG is almost certainly the mechanism by which lysates
of increase the TJ barrier function of keratinocytes. Changes in the
expression levels of claudins in particular have been shown many
times previously to be linked to changes in barrier function. To
date, 24 mammalian claudins have been identified, and these gen-
erally fall into two classes—those that strengthen the barrier and
those that form selective pores (29). Several lines of evidence point
to a role for claudins 1 and 4 as barrier-strengthening claudins. In
cell lines, overexpression of claudin 1 increased the TEER and
decreased the permeability of cells to paracellular markers. Clau-
din 4 seals the paracellular space against the passage of ions and in
doing so increases the TEER of monolayers (30, 31). Increases in
ZO-1 expression enhance the TEER of A431 cells (32), and the
hormone GLP1 protects and also enhances TJ function in Caco-2
cells by increasing ZO-1 and occludin expression (33). The exis-

tence of TJs in skin has been discovered only relatively recently.
Therefore, at present the contribution of particular TJ protein
species to skin barrier function is largely unknown. However,
genetic loss of claudin 1 is known to be lethal in mice (11).
Furthermore, the human skin disease atopic dermatitis, where
the barrier is aberrant, is known to be associated with reduced
claudin 1 expression. Hence, the evidence in skin so far sug-
gests that expression of TJ proteins is associated with barrier
function (34).

The mechanism by which B. longum but not L. rhamnosus GG
increases TJ protein expression and TEER is almost certainly as-
sociated with signaling through TLR2. This is demonstrated by
two lines of evidence: (i) neutralization of TLR2 abolishes B.
longum-induced increases in TEER, and (ii) the increase in TJ
protein expression is also abolished by blocking TLR2. This is
perhaps not surprising given that TLR2 is the major pattern rec-
ognition receptor for Gram-positive bacteria.

The link between the innate immune system and barrier regu-
lation in the gut has only recently been established. Here, activa-
tion of TLRs can either increase or decrease epithelial tight-junc-
tion function depending on the particular TLR activated. The only
study of its kind in keratinocytes examined the potential of bacte-
rial ligands specific for TLR1, -2, -3, -4, -5, -6, and -9 to increase TJ
function (22). The authors of that study demonstrated that acti-
vation of most TLRs with purified TLR ligands increased TJ func-
tion. The mechanism involved did not appear to be due to in-
creases in TJ protein expression, as observed in the present study.
Rather, they demonstrated activation of protein kinase C alpha
(PKC
), an enzyme involved in TJ assembly (22). However, their
study used ligands rather than whole organism lysates, and they
also measured TEER over shorter times than in the present study
(23). We also show that use of ligands such as peptidoglycan in-
creases TEER. The peptidoglycan-induced increase in TJ function
was TLR dependent but was not associated with changes to TJ
protein expression, in agreement with work by Yuki et al. (23). All
these data demonstrate the potential for bacterially derived com-
ponents to augment TJ function in keratinocytes, but the mecha-
nisms used may be different if ligands rather than bacterial lysates
are used. Furthermore, whole lysates, in contrast to individual
ligands, offer the possibility that multiple signaling pathways may
be simultaneously activated, which may alter the downstream ef-
fects. This plus the effects of strain-specific molecules may at least
in part explain the different effects of individual lactobacilli versus
ligands on TJ barrier function.

The L. rhamnosus GG lysate appeared to elicit its effects via a
mechanism independent of TLR2 because neutralization of this
receptor did not abolish the L. rhamnosus GG-induced increase in
TJ function or protein expression. TLR2 is the major receptor for
Gram-positive species and is activated by several different ligands
from these bacteria, such as lipoteichoic acid. The observation that
L. rhamnosus GG-induced increases in TJ function do not appear
to be mediated by TLR2 may suggest that this lactobacillus pos-
sesses molecules that signal via alternative receptors. The nature of
these receptors is under investigation.

In models of the gut epithelium, activation of signaling path-
ways by such as ERK and P38 by probiotic bacteria has been dem-
onstrated to increase TJ function (35). Additionally, L. rhamnosus
GG has been demonstrated to inhibit NF-�B signaling, which led
to enhanced barrier integrity in a model of cytokine-induced bar-
rier dysfunction (5). The soluble factor p40, derived from L. rh-
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amnosus GG, has also been implicated in protection of the gut
epithelial barrier from peroxide-induced damage. The signaling
pathways involved here appeared to be mitogen-activated protein
(MAP) kinase and ERK dependent (10). It may be that some of
the molecular mechanisms used by probiotic bacteria such as
L. rhamnosus GG to increase TJ function are similar between gut
and skin. However, currently, virtually nothing is known regard-
ing how TJs are formed or regulated in skin, so much more work
is required in the area before firm conclusions can be reached as to
how the L. rhamnosus GG lysate enhances keratinocyte TJ barrier
function.

Taken together, the data presented here suggest that specific
strains of probiotics enhance TJ function in human primary kera-
tinocytes with strain-dependent efficacies and mechanisms. The
barrier function of the epidermis is critical in terrestrial organ-
isms, and recent data have highlighted the essential role of TJs in
the epidermal permeability barrier to water. If specific bacterial
lysates could be suitably formulated, our data suggest that the
augmentation of the TJ barrier induced by probiotic bacterial ly-
sates could have a role in enhancing the overall skin barrier to both
loss of water and ingress of potential pathogens. Furthermore,
lysates of probiotic bacteria could potentially play a role in the
treatment of barrier dysfunction under conditions where the TJs
are known to be aberrant, such as atopic dermatitis, where loss
of expression of claudin 1 is reportedly involved in a subset of
patients (34). Since the B. longum and L. rhamnosus GG lysates
can increase claudin 1 levels in keratinocytes, it is possible that
treatments could be developed using these bacterial lysates to
restore the levels of important TJ proteins in TJ-related condi-
tions.
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